Cutaneous neuroendocrine (Merkel cell) carcinoma most often arises de novo in the background of a clonally integrated virus, the Merkel cell polyomavirus, and is notable for positive expression of retinoblastoma 1 (RB1) protein and low expression of p53 compared with the rare Merkel cell polyomavirus-negative Merkel cell carcinomas. Combined squamous and Merkel cell tumors are consistently negative for Merkel cell polyomavirus. Little is known about their immunophenotypic or molecular profile. Herein, we studied 10 combined cutaneous squamous cell and neuroendocrine carcinomas for immunohistochemical expression of p53, retinoblastoma 1 protein, neurofilament, p63, and cytokeratin 20 (CK20). We compared mutation profiles of five combined Merkel cell carcinomas and seven 'pure' Merkel cell carcinomas using targeted next-generation sequencing. Combined tumors were from the head, trunk, and leg of Caucasian males and one female aged 52-89. All cases were highly p53-and p63-positive and neurofilament-negative in the squamous component, whereas RB1-negative in both components. Eight out of 10 were p53-positive, 3/10 p63-positive, and 3/10 focally neurofilament-positive in the neuroendocrine component. Six out of 10 were CK20-positive in any part. By next-generation sequencing, combined tumors were highly mutated, with an average of 48 mutations per megabase compared with pure tumors, which showed 1.25 mutations per megabase. RB1 and p53 mutations were identified in all five combined tumors. Combined tumors represent an immunophenotypically and genetically distinct variant of primary cutaneous neuroendocrine carcinomas, notable for a highly mutated genetic profile, significant p53 expression and/or mutation, absent RB1 expression in the context of increased RB1 mutation, and minimal neurofilament expression.
Distinct oncogenetic differences between Merkel cell polyomavirus-related cutaneous neuroendocrine (Merkel cell) carcinoma and Merkel cell polyomavirus-negative Merkel cell carcinoma have recently been established, [1] [2] [3] [4] [5] suggesting heterogeneity among primary cutaneous neuroendocrine carcinomas.
Merkel cell carcinoma, the eponym for primary cutaneous neuroendocrine carcinoma, is generally regarded as a uniform clinical/histogenetic entity, in which variation of histopathology has had little impact on prognosis or treatment. [6] [7] [8] The vast majority of Merkel cell carcinoma express epithelial antigens, such as cytokeratins, (most characteristically cytokeratin 20 (CK20)), neuroendocrine markers (chromogranin, synaptophysin, CD56), and neurofilament. 6, 7, [9] [10] [11] The identification of a clonally integrated polyomavirus, the Merkel cell polyomavirus, present in the majority of Merkel cell carcinoma, but absent in a subset, has set the stage for a re-evaluation of differences among histopathologic variants of Merkel cell carcinoma.
Merkel cell polyomavirus has repeatedly been identified in 55-90% of Merkel cell carcinoma by both protein immunohistochemistry using an antibody (clone CM2B4) to the viral large T antigen, and by PCR. 3, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] More recently, it has been determined that Merkel cell polyomavirus-positive cases show strong retinoblastoma 1 (RB1) immunohistochemical labeling but rare p53 expression, whereas negative cases show weak RB1 expression, but more frequent p53-protein expression. 4, 24 Recent studies have suggested a possible survival difference between these two subsets of disease. 4, [25] [26] [27] Although histologically combined lesions of Merkel cell carcinoma with non-Merkel cell carcinoma tumors, in particular, squamous cell carcinoma, have been historically accepted as variants of Merkel cell carcinoma, 8 it remains to be elucidated, if such tumors might derive from a distinct histogenetic precursor cell, or if they might have unique prognostic and therapeutically exploitable characteristics. Given the absence of Merkel cell polyomavirus in reported series of combined squamous cell carcinoma/Merkel cell carcinoma, 1, 2, 13, 17, 19 it seemed likely that we would find more differences to distinguish these combined tumors from pure Merkel cell carcinoma. Furthermore, the identification of strong p53 and p63 labeling in a case of a combined squamous cell carcinoma in situ/Merkel cell carcinoma in situ, as well as unexpectedly absent neurofilament labeling, 28 supported this hypothesis.
To identify the distinguishing characteristics of combined squamous cell carcinoma/Merkel cell carcinoma, we examined the immunohistochemical expression of CK20, p53, neurofilament, and RB1 in these tumors. In the context of reports of p63 expression correlating with outcome [29] [30] [31] [32] we also assessed p63 in this series of combined tumors. Targeted next-generation sequencing was performed, assessing a panel of 230 tumor-associated genes with select combined tumors and an equal number of 'pure' tumors as controls. Clinical data were reviewed for unique characteristics associated with tumor subsets.
Materials and methods
Eleven patients' slides and corresponding blocks with combined squamous cell carcinoma/Merkel cell carcinoma were identified and retrieved from the pathology archive of Memorial Sloan-Kettering Cancer Center, in addition to one case with squamous cell carcinoma in situ/Merkel cell carcinoma in situ previously reported. 28 Diagnoses were confirmed by two dermatopathologists (MPP & KJB). Charts were reviewed for demographics, course of disease, and other significant medical history.
Histologic examination of 15 specimens (5 biopsies and 10 excisions) from 10 patients who had tissue available for immunohistochemical study, was performed on formalin-fixed paraffin-embedded tissue sections stained with hematoxylin & eosin using standard protocols. Morphologic features were examined, including pattern and relationship of Merkel cell carcinoma and squamous cell carcinoma tumor components, presence or absence of invasive tumor, and cellular morphology.
Immunohistochemical stains were performed using antibodies to the Merkel cell polyomavirus large T antigen (CM2B4), CK20, neurofilament, p53, p63, and RB1 proteins (Table 1) , with appropriate positive and negative controls, on specimens available from 10 of the patients. Immunohistochemical stains were reviewed independently by two dermatopathologists. The pattern of staining of CK20 and neurofilament was noted (perinuclear dot-like, membranous or diffuse). For p53, p63 and RB1, nuclear labeling was accepted as positive, and a tumor component was considered positive if at least 75% of cells exhibited intense staining. For CK20 and neurofilament, a fully positive stain required at least 50% of tumor cells labeling. Focal staining was noted separately, if present.
DNA Extraction
Seven specimens from seven patients with combined squamous cell carcinoma/Merkel cell carcinoma were selected, each of which appeared to have abundant tumor tissue on review of H&E-stained sections, and which were available for genomic analysis (one additional specimen/patient not studied for immunohistochemical features was included; only tissue curls were available for molecular analysis). Seven additional specimens from seven patients with pure Merkel cell carcinoma, 6/7 of which were confirmed to be positive for Merkel cell polyomavirus by immunohistochemical analysis, were selected. For tissue specimens, DNA 
Targeted Next-Generation Sequencing
We profiled genomic alterations in 230 key cancerassociated genes using our IMPACT assay (Integrated Mutation Profiling of Actionable Cancer Targets), using custom oligonucleotides for hybridization capture of all protein-coding exons and select introns of these genes. Bar-coded sequence libraries were prepared (New England Biolabs, Kapa Biosystems) and exon capture was performed (Nimblegen SeqCap) as previously described. 33 In total, 60-100 ng of genomic DNA was input for library construction.
Libraries were pooled at equimolar concentrations (100 ng per library) and input to a single-exon capture reaction. To prevent off-target hybridization, we spiked in a pool of blocker oligonucleotides complementary to the full sequences of all bar-coded adaptors to a final total concentration of 10 micromolar. DNA was subsequently sequenced on an Illumina HiSeq 2500 to generate paired-end 75-bp reads. Sequence data were demultiplexed using CASAVA, and reads were aligned to the reference human genome (hg19) using the Burrows-Wheeler Alignment tool. 34 Local realignment and quality score recalibration were performed using the Genome Analysis Toolkit (GATK) according to GATK best practices. 35 We achieved a mean unique sequence coverage of 288X per sample. Singlenucleotide variants were called using MuTect 36 and retained if the variant allele frequency in the tumor was more than five times that in the matched normal. Indels were called using the SomaticIndelDetector tool in GATK. All candidate mutations and indels were reviewed manually using the Integrative Genomics Viewer. 37 
Results
Our data support the hypothesis that the mutational pattern and protein expression profile of combined squamous cell carcinoma/Merkel cell carcinoma is distinct from Merkel cell polyomavirus-positive tumors (Table 3) , and argues that they arise from a distinct histogenetic precursor likely via an Merkel cell polyomavirus-independent molecular pathway.
Clinical
Clinical features of patients with tumors examined by immunohistochemistry are shown in Table 2 .
Of specimens submitted for genomic sequencing, five specimens of squamous cell carcinoma/Merkel cell carcinoma were successful in providing analyzable data. These five patients were all Caucasian, 5/5 male, aged 52-79 (median 66). All five tumors examined were primary tumors from the head (3), thigh (1), or chest (1). Sites of primary tumors from pure controls included ear (1), arm (3), buttock (2) , and an axillary tumor of unknown primary (1) . Substrate for molecular analysis of the pure tumors included one arm lesion, one ear lesion, two buttock lesions, and three lymph node tumors.
Histopathology
Histopathologic review showed variability in the composition of the squamous and neuroendocrine components. In six cases both components were invasive ( Figure 1a-d) ; in one case both components were in situ, 28 and in three cases the squamous cell carcinoma was in situ, whereas the neuroendocrine component involved the dermis. In nine cases, the neuroendocrine component showed a medium-tolarge cell morphology ( Figure 1a , c and d); the tenth case combined small-cell cytology including nuclear molding and crush artifact and well-differentiated invasive squamous cell carcinoma (Figure 1b ).
Immunohistochemistry
Immunohistochemical findings are presented in Table 3 . All cases tested were negative for mAb CM2B4 to Merkel cell polyomavirus large T antigen. CK20 was positive in 6/10 cases in one or both components, and negative in 4/10 cases (Figure 2a ). In one case CK20 was positive in the purported primary tumor, but negative in the metastasis.
Neurofilament was negative in all 10 cases in the squamous cell carcinoma component (100%), and in 5/10 cases in the neuroendocrine component (Figure 2b ). Although 3/10 cases showed moderate dot-like neurofilament labeling of the neuroendocrine area, two were focally and weakly positive. All cases were strongly and diffusely positive for p53 in the squamous component (10/10, 100%). Only 2/10 cases (20%) were p53-negative in the neuroendocrine component. All cases were RB1-negative (0/10, 100%) in the neuroendocrine component (Figure 2d ). One showed RB1 staining in the squamous cell component. All 10 cases (100%) were positive for p63 in the squamous component (whether squamous cell carcinoma in situ or squamous cell carcinoma), however, only 3/10 cases (30%) were positive for p63 in the neuroendocrine component. In one case, an area of poorly differentiated squamous cell carcinoma showed focal absence of p63, correlating with absent p63 in the neuroendocrine component. Combined cutaneous neuroendocrine carcinoma 
Molecular
Five combined tumors and seven pure tumors provided sufficient DNA for analysis in tumor and control tissue. Analysis of the two sets of tumors showed that the average number of mutations (single-nucleotide variants, dinucleotide variants, and indels) per sample was 38 times higher for combined tumors vs pure tumors (mean 32 vs 0.85, median 29 vs 1) (Figure 3) . The mean number of mutations per megabase was 48 for combined tumors vs 1.25 for pure tumors. Single-nucleotide variants alone averaged 39 per megabase for combined tumors, vs 1 per megabase in pure tumors. Overall, C-T substitutions comprised 78% (103/132) of single-nucleotide variants in the combined tumors, consistent with an ultraviolet (UV)-light mutation signature, vs 40% (2/5) of mutations in pure tumors. RB1 and p53 were the most commonly involved genes to harbor mutations in combined tumors (5/5), whereas none of the pure tumors had RB1 or p53 mutations. Seven different mutations in RB1 were noted (all unique alterations). Eight mutations in p53 were noted, one of which was recurrent in two samples. Five of these were C-T substitutions, suggestive of a UV phenotype. Three cases each showed two different RB1 and/or p53 mutations. NOTCH1 and ERBB4 genes were mutated in 4/5 combined tumors but no pure tumors.
Discussion
Our findings show that combined squamous cell and neuroendocrine carcinoma differ from pure Merkel cell carcinoma by protein expression as well as genetically, not just by morphology and the absence of Merkel cell polyomavirus. We identified significant differences in predicted positive vs negative expression of p53 and RB1 protein, and neurofilament, particularly when the squamous component was evaluated (Tables 1 and 3) . We also identified differences in CK20 expression. On the molecular level, we demonstrated a highly mutated genetic profile for all combined tumors compared with notably 'quiet' pure Merkel cell carcinoma. Furthermore, only the combined tumors showed mutations in p53 and RB1 genes consistent with a UV-related pathogenesis, as well as frequently expressed nonrecurrent mutations in select other genes, eg NOTCH1, suggestive of mutational hotspots in these tumors but not in controls.
Since the discovery of the clonal integration of Merkel cell polyomavirus in Merkel cell carcinoma in 2008, 15 it has become apparent that~20% of Merkel cell carcinoma show no evidence of associated Merkel cell polyomavirus, neither by PCR nor by immunohistochemistry. In our earlier series we found 88% PCR positivity for Merkel cell polyomavirus and positive immunohistochemistry for the viral large T antigen CM2B4 in 67%. Within the group of Merkel cell carcinoma negative for antibody CM2B4, we found that squamous cell carcinoma/ Merkel cell carcinoma showed complete negativity for Merkel cell polyomavirus by PCR and immunohistochemistry. 13 Others have confirmed these findings. 1,2,17, 19 Sihto et al showed that 11/23 (48%) Merkel cell polyomavirus-negative Merkel cell carcinoma carried p53 mutations in contrast to 0/16 Merkel cell polyomavirus-positive tumors. Furthermore, mAb CM2B4+ Merkel cell carcinoma expressed RB1, whereas mAb CM2B4 tumors, for the most part, did not. 4 Waltari et al reported that of eighteen p53-protein positive Merkel cell carcinomas, 50% harbored no viral DNA, vs 18% of p53-protein negative Merkel cell carcinoma, and that Merkel cell polyomavirus DNA copy number decreased as p53-positive cells increased. Moreover, p53 expression was associated with poor disease-specific survival. 5 Bhatia et al demonstrated that viral abundance correlated directly with RB1 protein, and was associated with less p53 expression as well as longer survival. 3 Historically the convention has been to consider histopathologically biphenotypic cutaneous neuroendocrine tumors as variations of Merkel cell carcinoma. This is predicated on a report by Tang and Toker in which a tumor with areas of unequivocal squamous cell carcinoma was discussed; 38 in the same report, the authors rejected epidermis, sweat gland ducts and hair follicles as a possible tissue of origin for Merkel cell carcinoma. In the following five years, at least 22 similar cases were reported. [39] [40] [41] Tang and Toker eventually concluded that 'the spectrum of malignant Merkel cell neoplasm is expanding'. 41 Such cases have subsequently been reported in both small and large-scale analyses, exemplifying the morphologic diversity of this tumor. 6, 8, [42] [43] [44] [45] [46] [47] [48] [49] In the last 30 years, squamous cell carcinoma/ Merkel cell carcinoma has been treated as a window Combined cutaneous neuroendocrine carcinoma into the histogenesis of all Merkel cell carcinoma, with many authors regarding their cases as evidence that the cell of origin for all Merkel cell carcinoma is a primitive totipotent or multipotent cell capable of neuroendocrine, glandular, and/or squamous differentiation, whether localized to the epidermis, dermis, or follicular epithelium. 8, 44, [50] [51] [52] The hypothesis of a common carcinogenic influence on two separate precursor cells 39 has been suggested, as well as the theory of dedifferentiation of an already differentiated tumor type, 11, 53 as exhibited by basal cell carcinoma 54 and eccrine carcinoma, 55 which may show neuroendocrine differentiation. Regardless of route of pathogenesis, the support for the inclusion of morphologic variants under the umbrella of Merkel cell carcinoma has come from electron microscopic and immunohistochemical evidence of neuroendocrine and epithelial differentiation within the small blue cell component. By using this evidence to define the commonality of these lesions, the obvious morphologic differences have been mostly disregarded.
Growing data support the likelihood that most squamous cell carcinomas/Merkel cell carcinomas are biologically distinct from pure Merkel cell carcinoma. Our findings of significant differences in protein expression and mutational patterns support this distinction. Recent findings from multiple authors have showed all combined Merkel cell carcinoma to be negative for Merkel cell polyomavirus by PCR and immunohistochemistry. 1, 2, 13, 17, 19 Occasional reports document unusual features of these variants such as poor paranuclear globular staining with CK20 47, 56, 57 and neurofilament negativity, 56, 58 as seen in our cases, as well as ultrastructural and/or immunohistochemical absence of neurosecretory granules in the squamous components of the tumors. 39, 41, 42, 44 Interestingly CK20 was diminished in two histopathologically undocumented cases reported by Bhatia, which had 'lower viral abundance'. 3 In an analysis of morphologic differences between Merkel cell polyomavirus-positive and -negative Merkel cell carcinoma, Kuwamoto's group identified morphometrically reproducible variations in nuclear and cytoplasmic contour and content, where 4/6 of their Merkel cell polyomavirus-negative cohort were combined tumors. 17 Unusual clinical backgrounds for combined-but not pure-Merkel cell carcinoma, include erythema ab igne, 44, 59, 60 Marjolin's ulcer 8 and arsenical keratoses. 11 Of late, several studies have examined a possible survival difference between Merkel cell polyomavirus+ and Merkel cell polyomavirus-Merkel cell carcinoma. 4, 25, 27 Bhatia found distant metastases in 22% of viral abundant-RB1+ Merkel cell carcinoma compared with 43% of low virus-RB1-Merkel cell carcinoma, with a median survival difference of 86 vs 20 months (P o 0.05). 26 Waltari et al and Asioli et al found a negative disease-specific survival impact of tumor p53 expression. 5, 30 Survival differences between combined and pure Merkel cell carcinoma have been inadequately addressed, but also invite consideration. Martin et al reported a high mortality rate in combined tumors (62%). 1 Gomez reported an increased recurrence rate for squamous cell carcinoma/Merkel cell carcinoma compared with pure Merkel cell carcinoma (62 vs 26%), but no survival difference. 39 Tang and Toker reported a difference in survival between 'pure' trabecular CA and combined squamous cell carcinoma/small cell tumors. 61 In contrast, Walsh et al found no difference in outcome between epithelial and pure types, 8 and Saeb-Lima 62 showed better outcomes for Merkel cell carcinoma with eccrine and squamous differentiation. Our project was not intended as a case-control study, so we make no generalizations about survival. However, further study of outcomes data comparing these morphologic subsets, as better defined by immunohistochemical profiles, should follow, to clarify this issue.
We assessed expression of p63, which has been previously correlated with p53, is reported present in 60% of Merkel cell carcinoma, and is associated with a poorer overall and disease-free survival. 29, 31, 32 In our cases all tumors (100%) were positive in the squamous cell carcinoma component, but only 60% in the NE component. We also assessed P53, and found that all of our cases were strongly and diffusely P53-positive in squamous cell carcinoma or both components. However, our length of follow-up is insufficient to compare survival with others ( Table 2) .
The possibility that the pathogenesis of Merkel cell carcinoma, particularly Merkel cell polyomavirusnegative Merkel cell carcinoma, is in part related to UV mutagenesis, has been suggested elsewhere. 13, 16, 18, 63 There is a preferential geographical distribution of Merkel cell polyomavirus tumors to sun-exposed climates. 16 Moreover, UV-associated mutations in the tumor suppressor p53 have been documented in some cases of Merkel cell carcinoma. 63, 64 Increased P53 protein detection seems to be more commonly found in Merkel cell polyomavirus-negative tumors. 4, 5 Similarly, pure squamous cell carcinoma, a tumor known to express P53, and thought to be pathogenetically related to p53 alterations, is the archetypal UV-related cutaneous carcinoma, and for the most part, does not express Merkel cell polyomavirus. 65 Squamous cell carcinoma is well-known for its potential to dedifferentiate, suggesting the possibility that some combined tumors may be more closely related to squamous cell carcinoma, than to pure Merkel cell carcinoma.
Given our new knowledge of differential expression of antibodies to Merkel cell polyomavirus, and differential integration of viral DNA in morphologically distinct Merkel cell carcinoma, 13, 17, 19, 66 we saw a reason to investigate the nature of these combined squamous and neuroendocrine tumors. All of our patients' tumors presented on the sun-exposed area of the head and neck/or trunk of Caucasian persons, equating to 'at-risk' sites for UV-mediated damage, and contained varying degrees of neuroendocrine and squamous cell morphology. The identification of a shared P53+, RB1-, neurofilament-immunohistochemical profile, and a highly mutated, p53 and RB1 mutated molecular profile with a high rate of C4T mutations observed across the entire genomic target consistent with an UV light signature, different from pure Merkel cell carcinoma in all of these tumors supports that these tumors are biologically discrete entities. We therefore propose a classification system in which the term 'Merkel cell carcinoma' refers to histologically 'pure' Merkel cell polyomavirus+ tumors, whereas combined tumors are reported descriptively, such as primary cutaneous combined squamous cell (or basal cell or adnexal) and neuroendocrine carcinoma. Further studies are needed to investigate potential clinical relevance of these different categories. Regarding Merkel cell carcinoma`, Toker once stated that 'histogenetic considerations were, and always will be, secondary…and… essentially inconsequential'. Stern responded that, if there were a difference in origin, 'is there a difference in prognosis…?', and would a 'histogenetic understanding … result in benefits to patients…?'. 53 Accurate characterization of the phenotypic differences between the various subsets of primary cutaneous neuroendocrine carcinomas is the first step in determining if such distinctions will hold clinical importance.
